Abstract: As we know, the gap between 8-QAM and 16-QAM can be filled smoothly by introducing 12-QAM. In this paper, we experimentally demonstrated a reliable 10 Gbaud-rate transmission of polarization multiplexed 12-QAM single carrier signal in a MIMO radio-overfiber system with 20-km SMF-28 wire link and 2.5-m wireless link at 60 GHz. The BER performance of 12-QAM signals at different baud rate and input power was also evaluated. Moreover, 12-QAM was also experimentally compared with 8-QAM and 16-QAM, and it can be concluded that 12-QAM brings a better compromise between effectiveness and reliability performance than 8-QAM and 16-QAM.
Introduction
Since advanced modulation formats can be employed to increase the transmission capacity [1] and it has become one of hot research topics [2] - [8] . Many good results have been achieved in the previous research [1] - [8] . For instance, Ref. 2 has illustrated the comparison of 8-QAM with 16, 32-QAM. As well as in Refs. 3-5, several different constellations of 8-QAM have been reported. Especially, Ref. 6 proposed a 4D 64SP-12QAM format with a better spectral efficiency up to 3.5-bit/s/Hz, and a modified 12-QAM format (called 12QAMo) has been experimentally studied [7] . Ref. 8 showed that the gap between 8-QAM and 16-QAM can be filled smoothly by introducing 12-QAM. Moreover, Ref. 9 has experimentally confirmed that compared with PM-8-QAM, the sensitivity of 64SP-12-QAM can be 0.2 dB better or more, enabling a transmission distance extended to 6,000 km at 6b/s/Hz.
Faced with the requirement for high capacity and flexibility of communication systems, radioover-fiber system has become an effective solution with great advantages to provide largecapacity and long-distance wireless transmission, which can be used in 5G wireless networks [10] - [34] . Different from traditional lower frequency band at a few gigahertz, millimeter wave (i.e. 30∼300 GHz) provides wider bandwidth to meet the high-speed wireless transmission demand. There is no doubt that millimeter wave has become a satisfactory choice for radio-over-fiber system. In addition, in order to improve the transmission capacity, polarization division multiplexing (PDM) has been widely used in coherent optical system. Furthermore, as for the wireless network, the capacity can be effectively enhanced by the combination of MIMO and PDM. A 432 Gb/s optical wireless integration delivery system which adopts PDM and MIMO has already been experimentally demonstrated [12] , [27] .
As mentioned above, we can see that 12QAM modulation format is an effective way in radioover-fiber system considering in spectral efficiency and transmission capacity. In this paper, we experimentally demonstrate a transmission of polarization multiplexed 12-QAM single carrier signal in a MIMO radio-over-fiber system at millimeter wave band. The system consists of a span of 20-km single-mode fiber-28(SMF-28) and 2.5-m wireless link at 60 GHz. We use two pairs of horn antennas adopting polarization (H&V) multiplexing to realize 2 × 2 MIMO. As a result, BER can be achieved as 3.5 × 10 −3 at 10 Gbaud which is smaller than hard decision-FEC (HD-FEC) threshold, and it means that a reliable 70 Gb/s PDM-12QAM single carrier signal transmission in a MIMO radio-over-fiber system at V-band can be realized. In addition, we also experimentally compared 12-QAM with 8-QAM and 16-QAM at a certain bit rate. It can be found that a better balance between effectiveness and reliability performance can be obtained by employing 12-QAM.
Principle of 12-QAM
The bit mapping for 12-QAM is based on mapping of 16-QAM constellation, which is shown in Fig. 1(b) . Four constellation points in the corner are removed. In this mapping, we use Gray code as shown in Fig. 1(d) to make the BER as low as possible. As for 16-QAM, the smaller radius distance between the outermost circle and the middle circle easily causes an incorrect decision, which is shown in Fig. 1(c) . That is, the four points of 16-QAM constellation in the corner are the most prone to cause bit-error. While 12-QAM only needs two reference radiuses and has less chance to make mistakes. On the other hand, the spectral efficiency (3.5-bit/s/Hz) of 12-QAM is better than 8-QAM and the gap between 8-QAM and 16-QAM can be filled smoothly by introducing 12-QAM. 12-QAM brings a better balance between spectral efficiency and BER performance than 8-QAM and 16-QAM. We will further compare 12-QAM with 8 and 16-QAM in detail in Section 4.
Experimental Setup
The experimental setup for the MIMO radio-over-fiber system at V-band is showed in Fig. 2(a) . Firstly, a continuous-wave (CW) light wave at 193.1080 THz is generated from the external cavity laser (ECL). Then the CW light wave passes through an in-phase/quadrature (I/Q) modulator (MOD) and is modulated by a 5∼10 Gbaud electrical 12-QAM signal, which is generated from a Matlab programming and then converted from digital to analog convertor (DAC) by the commerical Arbitrary Waveform Generator (AWG). The bandwidth of I/Q MOD is 31 GHz, and half-wave voltage of I/Q MOD is 2.7V at 1 GHz, and the driving voltage on the MOD is 4V peak-to-peak. After polarization multiplexed by the polarization multiplexer, the 12-QAM signal in two polarization states is amplified by an Erbium-doped fiber amplifier (EDFA). Afterwards, the 12-QAM optical signal is launched into a SMF-28 fiber with a launch optical power of around 2 dBm. After transmission over 20 km fiber, heterodyne detection is used to receive the optical signal, among which the second ECL at 193.1680 THz works as a local oscillator (LO) to produce a frequency offset of 60 GHz between LO and received optical signal. They are both put into a 90-degree hybrid, by which two kinds of optical signals are mixed [12] . The optical spectrum after several processes above are presented in Fig. 2(c) .
After polarization diversity, the LO and received optical signal are beat by two balanced photodetectors (PD). In this way, the electrical signals converted from the optical ones in two polarization states are both at 60 GHz. Amplified by two V-band amplifiers with 30 dB gain, the electrical signals at V-band with output power of 5 dBm are then sent into a 2.5 m 2 × 2 MIMO wireless link, which is realized by two pairs of horn antennas with 25 dBi gain adopting antenna polarization (H&V) multiplexing [10] , corresponding to two polarization states of millimeter wave transmission.
At the receiver, the V-band wireless signals are received by two antennas (H&V), the electrical spectrum of which is presented in Fig. 2(d) . After boosted by two RF amplifiers with 11 dB gain, the IF signals (IF = 60 GHz) are converted into digital signals with the sample rate of 160 GSa/s by the oscilloscope with 63 GHz bandwidth. Finally, the recorded digital signals are processed by offline digital signal progressing (DSP). The offline DSP consists of down-conversion, normalization, orthogonalization, chromatic dispersion (CD) compensation, constant-modulus-algorithm (CMA) equalization, cascaded multi-modulus algorithm (CMMA), frequency offset estimation (FOE), carrier phase estimation (CPE), decisiondirected least mean square (DD-LMS) algorithm, decision, 12 quadrature amplitude demodulation and BER counting [1] , [27] . The procession in detail is showed in Fig. 2(b) . In order to get better BER performance, 2-input DD-LMS algorithm can be used. CMA and CMMA algorithm is used to de-multiplex X-and Y-polarization and compensate polarization multiplexing dispersion (PMD). Especially, we use 2-input CMMA in another way to further improve its performance at the same time.
To decrease the residual error as much as possible, we use CMMA with two reference radiuses for three times when different step factors are descending as 0.002, 0.001 and 0.0001 respectively. We use CMA algorithm as the pre-convergence, which can converge the error to the acceptable range of CMMA. Then we use CMMA algorithm with two reference radiuses for three times. Their inputs are the same, while the tap coefficients of the previous time are inherited by the next one. In the process of gradually decreasing the error, we use decreasing step factors. In this way, the error can be further reduced, which is difficult to be diverged. According to principle above and on the basis of multiple tests, we choose the values as 0.002, 0.001 and 0.0001, which has the best convergence performance among our tests. This concept also applies to DD-LMS as described in CMMA. The constellations at 5 Gbaud-rate via a part of DSP steps are presented in Fig. 2(e) .
Result and Discussion

Experimental Result of 12-QAM
When the baud rate is fixed at 8 Gbaud, we change input optical power into the optical hybrid from −12.8 to −7.8 dBm, and the curve of BER versus input power is showed in Fig. 3(a) . Fig. 3(b) -(f) show the constellations at input power from −12.8 to −7.8 dBm. We can see that the BER performs best when the input power is −8.8 dBm. Specifically, when the input power is too low, the signal to noise ratio (SNR) is not enough for reliable transmission. Even if the input power is only −12.8 dBm, the BER is still smaller than HD-FEC threshold at 3.8 × 10 −3 . However, it is not a good choice either with a relatively high power. For high power, the photodiode will be saturated, so that points on outer circle of constellation can be difficultly distinguished. As shown in Fig. 3 , the BER performance tends to be worse gradually after −8.8 dBm.
When the input power is fixed at −8.8 dBm, we transmit 5∼6 Gbaud single carrier PDM 12-QAM signal. It can be found in Fig. 4(b) that there is no error after over 100 million bits calculated. Besides, the BER results for 7∼8 Gbaud are both at 10 −6 level. Fig. 4(a) shows the curves of BER versus baud rate and Fig. 4(b)-(f) show the constellations after offline DSP over 20 km fiber and 2.5 m wireless link when the baud rate is 6∼10 Gbaud.
The BER of 10 Gbaud signal after transmission is 3.5 × 10 −3 , which can satisfy the HD-FEC threshold. Correspondingly, we can make sure that the achievable maximum baud rate of reliable transmission reaches 10 Gbaud for the transmission of PDM 12-QAM single carrier signal over a 20 km SMF-28 and a 2.5 m wireless link at V-band. However, the spectral efficiency of 12-QAM is 3.5-bit/s/Hz and we have two polarization states. In this way, taking the HD-FEC threshold as a reference, we can achieve the maximal bit-rate of reliable transmission here is 10 × 3.5 × 2 = 70 Gbit/s. The transmission capacity is mainly limited by the OSC bandwidth of only 63 GHz while the center frequency of the signal is at 60 GHz.
Comparison 12-QAM With 8-and 16-QAM
We compare 12-QAM with 8-and 16-QAM with the same experimental setup. First of all, we change the baud rate at the same input optical power of −8.8 dBm into optical hybrid. Fig. 5(a) shows the BER versus the baud rate after 2.5-m wireless transmission for PDM-8QAM, PDM-12QAM and PDM-16QAM signals at the input power of −8.8 dBm respectively. We can see that the BER performance of 12-QAM is much better than 16-QAM, but a little worse than 8-QAM. Even though the BER of 8-QAM is lower than 12-QAM, they are so closed that the advantage of 12-QAM on spectral efficiency is more dominant. The constellations in Fig. 5 Considering HD-FEC threshold as 3.8 × 10 −3 , we can ensure that the achievable maximal transmission bit rate for 12-QAM is 70 Gbit/s, which is obviously better than 8-QAM (60 Gbit/s) and 16-QAM (56 Gbit/s).
Comparing BER performance versus baud rate of the three modulation formats, there is no doubt that 12-QAM gets a better trade-off between effectiveness and reliability performance.
Conclusion
Taking the HD-FEC threshold as a reference, we experimentally achieved 70 Gbit/s signal transmission of polarization multiplexed 12-QAM single carrier signal in a MIMO radio-over-fiber system with 20-km SMF-28 and 2.5-m wireless link at V-band. We compared the BER performance of 12-QAM with 8-QAM and 16-QAM, and it can be concluded that 12-QAM brings a better balance between effectiveness and reliability performance than the others. It has been confirmed that the achievable maximal transmission bit rate for 12-QAM (70 Gbit/s) is larger than 8-QAM (60 Gbit/s) and 16-QAM (56 Gbit/s) in a MIMO radio-over-fiber system with 20-km SMF-28 and 2.5-m wireless link at 60 GHz. Therefore, 12-QAM, as a new suitable modulation format for RoF communication system, provides both high spectral efficiency and satisfied BER performance, and it can fill the gap between 8-QAM and 16-QAM smoothly. For the follow-up study, we can concentrate on the advantages of 12-QAM with farther transmission distance, as well as a modified 12-QAM modulation format called 12-QAMo.
